A swirler with good premixed performance has been tested with direct central propane injection and with direct central kerosene and gas oil injection using the swirler air for atomisation. The results have been compared with non swirling flow systems at the same test conditions. Direct propane injection results in a major extension of the stability limits compared with the premixed situation, but with liquid fuel injection the stability limits are generally worse than for premixed fuel and air. It is argued that the cause of this is the action of the centrifugal forces on the liquid droplets in the swirl flow which results in vaporisation in the outer swirl flow and weaker mixtures in the core recirculation region than for propane injection. The gas composition results support this conclusion. Direct propane injection caused a deterioration in the combustion efficiency and a large increase in NO x . The poor stability limits with liquid fuels prevented a high combustion efficiency and low NO x situation from being achieved. A comparison of the performance with non swirling systems showed that all emissions were higher with swirl for propane but that the swirler may have some advantages for liquid fuels.
INTRODUCTION
Axial swirlers generate internal recirculation zones, which are generally assumed to be necessary for flame stabilisation and for the efficient combustion of liquid fuels (1, 2) . Most of the experimental basis for the advantageous properties of swirling flows for combustion come from studies of furnace burners of free swirling flames (3, 4) . However, the application of swirling flow to gas turbines involves enclosure dimensions much closer to those of the swirler than encountered in furnace applications and this can significantly alter the swirler aerodynamics (5) . This present work involves a study of such swirling flow system-for gas turbines and attempts to assess the importance of the recirculation zone in liquid fuelled systems compared with propane fuelling. The results will be compared with premixed combustion stabilised by the same swirler to assess overall aerodynamic influences (6) .
Many conventional gas turbines incorporate an axial swirler around the fuel injector. However, generally only a small portion of the total combustor air flow passes through the swirler, usually approximately 10%, with the major proportion of the primary zone air entering through radial jets (6) . Many recent experimental combustor designs for low emissions and future fuels have advocated the use of swirl flame stabilisation with the majority of the combustor air flow passing through the swirler (8) (9) (10) (11) (12) . The present work attempts to assess whether these swirl dominated systems have definite advantages over the aerodynamically simpler grid plate stabilised systems which have been investigated by one of the authors (13, 14) .
AXIAL SWIRLER DESIGN
The authors have previously investigated the performance of a range of swirlers with premixed fuel and air (6) . The influence of swirl number and pressure loss were investigated. It was shown that high swirl numbers were not desirable as the combustion efficiency of lean mixtures was very poor. This was a feature quite different from the behaviour of swirl flames in furnaces where high swirl numbers are generally beneficial, although most of this work generally refers to stoichiometric flames. A high pressure loss was also shown to be advantageous from a combustion efficiency viewpoint. NO x emissions were not strongly dependant on the swirler design. The range of swirler pressure loss studied in this work was high in relation to conventional gas turbine combustors. For the present work one of the swirlers, referred to as SW3 in Ref. 6 , was selected as it had the lowest pressure loss of those tested.
The SW3 swirl number was sufficiently low to ensure a good combustion efficiency, whilst being high enough to ensure a central recirculation zone (5, 6) . The full swirler design details are given in Table 1 and the test geometry is shown in Fig. 1 . The premixed SW3 swirler for both gaseous and liquid fuels. An eight hole radial fuel injector was used with one hole injecting fuel radially into each swirl vane passage. 1.3 mm diameter holes were used for propane injection and another eight hole injector with 0.3 mm diameter holes for liquid fuel injection, the injection plane was 10 mm downstream of the swirler hub.
The fuel orifice sizes gave fuel injection velocity ranges of 40-130 m/s for propane and 5-8 m/s for kerosene, depending on the equivalence ratio used. The propane velocities were similar to the mean air velocity in the swirler passage which was approximately 100 m/s. Thus the propane would be well distributed into the air flow and would follow a similar flow pattern to the air flow as it mixed with the air. The low liquid fuel velocities are inevitable without the use of pressure jet atomisation. For good air assisted fuel atomisation a large velocity difference between the fuel and air is required and this is achieved in the present design. The fuel penetration and atomisation studies of Hussein et al (16) are relevant to the present work. Their studies do not include fuel diameters as small as in the present work, but they include a study of a 0.5 mm fuel orifice in a 100 m/s air stream. For this the penetration was 15 mm and the Sauter Mean Diameter (SMD) was approximately 30um. For Gas Oil this SMD would be increased to approximately 503m. Thus the liquid fuel would penetrate the air flow and be well atomised by it. However, the swirl flow could give droplet movement due to the action of centrifugal forces and so the droplet may not follow the air flow pattern. This will be discussed later.
SHEAR LAYER GRID MIX FLAME STABILISERS
An alternative low emissions technique for stabilising flames with direct fuel injection is that of fuel injection into jet shear layers (13, 14, 17) . The results from the Grid Mix lB design (13, 14) which has a similar pressure loss (4.8%) to that of the SW3 swirler, have been included in the present work for comparison with the equivalent direct propane injection swirl stabilised flames. The Grid Mix lB design consists of a simple four hole grid plate with fuel injected as eight radial jets internally within the grid plates into each air jet. This fuel is mixed with the air predominantly in the jet edge shear layer.
COMBUSTION TEST EQUIPMENT AND CONDITIONS
The 76 mm diameter combustion test facility has been described by Al-Dabbagh and Andrews (18) . It consists of an air supply from a fan, venturi flow metering, electrical preheater, 1.5 m long 76 mm diameter approach pipe, flange mounted swirler with integral central fuel injector, 330 mm long 76 mm diameter combustor and an exhaust system with a flame observation window located a short distance from the combustor exit. For premixed combustion propane fuel was injected through a 20 hole 'X injector downstream of the electrical preheater and 1.5 m upstream of the flame stabiliser. The 330 mm combustor length is a typical minimum size for aero gas turbines and is much shorter than most industrial gas turbines. Consequently, combustor mean residence times were representative of the minimum practical values. The combustor diameter was not a practical size, the problems of design scale up to a more practical size is currently under investigation. However it is the mean residence time and hence the combustor length that it is most important to model correctly. With a 76 mm combustor changes in the stabiliser geometry were much easier to make than for a larger combustor size. The test facility was basically similar to that used by Mularz et al (19) in the evaluation of the NASA swirl module designs. The major difference, apart from the slightly larger combustor diameter, was the atmospheric presure operating conditions of the present work. The combustor was uncooled apart from natural convection effects.
Mean gas samples were obtained at the combustor exit plane using a stainless steel water cooled 'X' probe with twenty holes on centres of equal area. The sample gas outlet temperature from the probe was monitored and kept above 150°C by regulating the coolant flow rate. The sample was transported along an electrically heated (150°C) teflon line to a heated sample pump and filter system housed in an oven. The sample line was purged with heated clean compressed air during the ignition process. Automatic high temperature solenoid values were incorporated in the sample pump oven to switch from sampling to purge and from sampling to calibration gases. This heated sampling system en- The test conditions are summarised in Table 2 . Low and high power conditions were simulated in terms of inlet temperature and at both temperature measurements over a range of air to fuel ratios were obtained. 
WEAK EXTINCTION
Weak extinction data was obtained at a constant air mass flow rate and the fuel flow was gradually reduced until the flame was extinguished. The process was observed directly from the control room through a 100 mm diameter air cooled window in the exhaust. Also weak extinction was monitored from the gas analysis and was accompanied by a sudden increase in UHC emissions. Weak extinction data was repeatable to within ± 0.02 of an equivalence ratio. The measured weak extinction data is summarised in Table 3 . Direct propane injection through the swirler hub, as shown in Fig. 1 , results in a major extention of the flame stability limits compared with the premixed situation. However, this extension of the stability limits is no better than can be achieved using shear layer fuel injection techniques (13, 14) as shown by the comparison with the GM1B weak extinction results in Table 3 . The extension of the stability limits with direct fuel injection is due to the creation of locally rich zones in the flame stabilising shear layers.
For the swirl situation wall static pressure profiles and flow visualization studies show that the shear zone occurs as an annulus surrounding an inner recirculating core flow and separated from the wall by a high velocity outer swirl flow (5) . For premixed combustion the flame does not propogate across this outer swirl flow until after the end of the recirculation zone (5) . For the SW3 swirler wall static pressure measurements have been used to measure the axial recirculation zone size as approximately 150 mm (5) . Fig. 2 shows that the wall temperature profiles only reach a maximum after this position indicating no flame propagation into the wall region upstream of this point.
With direct propane injection internal radial gas composition traverses of the shear layer (20) have shown that for an overall equivalence ratio of 0.5 the shear layer equivalence ratio was 2. This rich region allows much weaker overall mixtures to be stabilised than for premixed combustion. It also permits a more rapid flame development as shown by the high wall temperatures within the recirculation zone in Fig. 2 . The temperature profile is similar to that for direct grid plate shear layer fuel injection for the GM1B stabiliser (13, 14) . The lower wall temperatures for central propane injection in the swirler are caused by a slower axial development of the radial spread of the flame. Radial gas analysis traverses at the exit plane have shown the overall combustion inefficienty to arise mainly from a cool region near the wall which does not occur with the grid plate stabilised flame.
With liquid fuels there was a marked deterioration in the weak extinction as shown in Table 3 . This effect is surprising as liquid fuel injection is generally assumed to extend flame stability limits due to the creation of richer local zones than for direct gas injection. The delay in the production of vapour from the liquid fuel due to the atomisation and droplet heating times means that at any axial position the local mixture composition should be richer with liquid fuels than for gaseous fuels.
If this situation occurred then an extension of the flame stability limits would be expected and this was not observed.
The deterioration in the weak extinction limit is considered to be associated with the action of the swirl flow on the fuel droplets. During the vaporisation process droplets will come under the action of centrifugal forces created by the swirl flow (11) . These will force the droplets radially outwards towards the wall region. Thus most of the droplets will be concentrated in the high velocity outer swirl flow and the vapour concentrations in the flame stabilising shear layer will be much lower than for gas injection. From a flame stabilisation viewpoint, the liquid fuelled flame will behave more like a premixed flame. Table 3 shows a fairly close agreement between the gas oil weak extinction at 600K and that for premixed propane air. Fig. 2 also shows the wall temperature profiles to be similar for the gas oil test and the premixed test at the same overall equivalence ratio. The slightly higher wall temperatures with gas oil are likely to be due to richer mixtures in the wall region.
Kerosene and Gas Oil are likely to behave in a similar manner with droplets moved to the outer swirling flow region by centrifugal forces. The larger drop sizes with Gas Oil and the slower vaporization rates will result in locally richer mixtures and hence a wider stability range as has been observed. For kerosene the weak extinction is shown in Table 1 that the vaporization process has a strong influence on the flame stability. Fig. 3 shows the wall temperature profiles at an equivalence ratio of 0.69 for the three inlet temperatures 400, 500 and 600K. Flame propagation into the wall region is clearly a strong function of the inlet temperature and hence of the vaporization process. At 400K with gas oil the vaporization is too slow for any flame to stabilise. For kerosene at 400K no significant heat release occurs in the flame stabilising recirculation zone and the long vaporization time places the main heat release much further downstream where turbulence levels are much lower. This situation is similar to that argued for the poor flame stability of the Jet Mix type of flame stabiliser using liquid fuels in Ref. 21 .
For this stabiliser an inferior weak extinction was also found for kerosene injection compared with propane. The Jet Mix fuel injector and flame stabiliser (21) consists of eight radial air and fuel jets impinging into eight axial jets to achieve good fuel and air mixing.
The weak extinction results in Table 3 refer to the atmospheric pressure operating condition. At practical gas turbine pressures these stability limits could be extended, especially for liquid fuels. However as the maximum combustion efficiency is achieved well away from the weak extinction limit, except for the premixed situation, the effect of pressure on the stability limit is not likely to be important from the point of determining the optimum operating equivalence ratio. Pressure is most likely to influence the weak extinction of the liquid fuels through the improvement in atomisation and vaporization that occur at elevated pressure. However, this extension is unlikely to exceed the present measurements for propane. For similar reasons the present propane combustion efficiency measurements are likely to represent the maximum level the liquid fuel systems could achieve at elevated pressures.
CARBON MONOXIDE EMISSIONS
The carbon monoxide emissions as a function of equivalence ratio are shown for the 400K and 600K inlet temperatures in Figs. 4 and 5 respectively. The equilibrium CO levels are also shown to indicate the proportion of the measured CO that could be attributed to equilibrium effects. An equivalent combustion 'inefficiency will be referred to later in the combustion inefficiency results. All the gas analysis results are on a wet basis, the sample water vapour was computed from an elemental mass balance and the Figs. 4 and 5 show that the CO emissions for central propane injection with the SW3 swirler are generally higher than for the shear layer mixing GM1B design. As discussed in Ref. 6 , the basic cause of the poorer CO emissions for premixed swirlers is associated with the spatial confinement of the shear layer region by the swirl flow. The flame stabilises in this region but does not propagate outside it until after the end of the recirculation zone (5) . The main flame development occurs downstream of the recirculation zone as shown by the wall temperature profiles in Fig. 2 . Thus the CO burnout time is much shorter than for the Grid Mix design where the flame stabilises much closer to the fuel injection point.
With central fuel injection into the swirler the situation with premixed combustion is aggrivated by the generation of larger quantities of CO in the rich stabilising region which have inadequate time to burnout downstream. For liquid fuels it has been argued that the vaporisation delay time results in the flame stabilising further downstream in a similar position to the premixed flame, as shown in Fig. 2 . There is then much less time for CO burn-out than for direct gas injection and hence the CO emissions are higher as shown in Figs. 4 and 5 . The slower vaporisation with gas oil results in the higher CO emissions relative to kerosene as shown in Fig. 2 .
For kerosene fuel injection results were also measured at a 500K inlet temperature and these are shown in Fig. 4 . If the CO emissions at the three inlet temperatures are compared in Figs. 4 and 5 then it is found that the influence of inlet tmeperature at a fixed equivalence ratio is relatively small. The steeper dependence of CO emissions on equivalence ratio as the inlet temperature is increased can be explained on the basis of higher equilibrium CO emissions as the inlet tmeperature is increased. The greatest change in CO emissions occurs between 500K and 600K. The wall temperature profiles in Fig. 3 indicate an approximate doubling of the distance over which high wall temperatures are achieved and hence residence times for CO burn-out at 600K are likely to be twice those at 500K. Comparison with the Jet Mix kerosene results (21) at 600K in Fig. 5 shows the CO emissions to be lower than for the swirler. This is in spite of the swirler pressure loss being over twice that of the Jet Mix flame stabiliser. The reason for this is that during the vaporization time mixing is taking place in the Jet Mix situation. Thus when the flame does stabilise it is quite well mixed and the high CO emissions due to local rich zones are reduced. With the swirl flow mixing is inhibited by the finite limits to the shear layer and hence a poorer spatial distribution of the generated turbulence.
UNBURNT HYDROCARBON EMISSIONS
The unburnt hydrocarbon emissions are shown as a function of equivalence ratio for the 400 and 600K inlet temperatures in Figs. 6 and 7 respectively. The premixed results show a very sudden increase in UHC emissions below an equivalence ratio of 0.75 at 400K and 0.55 at 600K. In Ref. 6 it was argued that this was due to a failure of the flame to propogate across the outer wall swirl flow region. This was confirmed by wall temperature profiles (5) . With direct central injection of propane lower UHC emissions are generated in the weak region. This is due to the core region being richer and hotter leading to flame propogation across the outer swirl flow as demonstrated in Fig. 2 .Ŝ For the shear layer mixing GM1B stabiliser UHC are lower than for direct gas injection into the swirler, especially at 600K. This is principally due to the presence of four shear layers with fuel injection into each, compared with 1 larger swirling shear layer with the SW3. The result is a less uniform fuel distribution and a much slower heat release and combustion efficiency development. Radial gas composition analysis (20) with the SW3 show that the UHC burn-out occurs in the recirculation edge shear layer and that very high UHC concentrations remain in the core region at all axial positions. With premixed combustion the reverse occurs with very high UHC levels at the wall.
With central kerosene injection into the SW3 swirler the influence of inlet temperature was studied at 400, 500 and 600K. Figs. 6 and 7 show this to be a very significant influence creating over an order of magnitude reduction in UHC with each LOOK increment. This contrasts with the relatively small influence on CO emissions. As was argued for the weak extinction results, the kerosene system behaves like a premixed system as the fuel droplets, under centrifugal forces, are ejected into the outer swirl flow. Vaporisation will then take place resulting in a flame stabilisation, relative to that of the premixed fuel and air, that is a function of the inlet temperature. The UHC emissions at 600K show a similar order of magnitude to those of the premixed situation whereas at lower temperature the levels are much higher. At 600K the UHC emissions with kerosene are well below those for direct propane injection. This again supports the contention that the fuel rich central recirculation zone does not occur to the same extent with kerosene due to the displacement of With Gas Oil at 600K the UHC emissions show a different dependence on equivalence ratio than for kerosene with a minimum at a weaker equivalence ratio. This will result from the slower vaporisation rate leading to richer local mixtures compared with kerosene. Thus local temperatures are higher at weaker mixtures with Gas Oil and hence UHC burn out is faster. Similarly for richer mixtures the increase in UHC due to richer than stoichiometric local regions occurs at a weaker equivalence ratio with gas oil than for kerosene.
The Jet Mix type of flame stabiliser (21) with kerosene had much higher levels of UHC at 600K and would not stabilise a flame at 400K. In this respect the present swirl system is superior. The reason for the difference is the strong influence of the central recirculation zone with swirl which for liquid fuels probably recirculates partially burnt gases which help the vaporization process. This large recirculation zone does not occur to the same extent in the Jet Mix system. However, more recent work with the Jet Mix system has shown that the hydrocarbon emissions can be markedly reduced by making small changes to the stabiliser geometry (22) that enable the flame to stabilise further upstream.
COMBUSTION INEFFICIENCY
The combined influence of CO and UHC emissions result in a combustion inefficiency. Figs. 8 and 9 show the combustion inefficiency as a function of equivalence ratio at 400K and 600K respectively. Generally for premixed and direct propane injection the optimum combustion efficiency was dominated by CO emissions. For very weak mixtures UHC emissions cause the major contribution to the rapid increase in combustion EQUIVALENCE RATIO
FIG.7 UHC EMISSIONS AT 600K
inefficiency. For kerosene at 400K UHC emissions dominate the combustion inefficiency whereas at 600K it is the CO that dominates. Overall the Grid Mix system shows a superior combustion inefficiency than the swirler with gas injection. With kerosene injected into the Jet Mix system the combustion efficiency is comparable to that of the swirler at 600K in spite of the much higher levels of UHC.
NO EMISSIONS
The NO x emissions as a function of flame temperature are shown in Figs. 10 and 11 for the 400 and 600K inlet temperatures respectively. The NOx emissions corrected to 15% oxygen at 600K are shown as a function of equivalence ratio in Fig. 12 . Direct propane injection clearly cause a major increase in NO x emissions compared with the premixed situation. As has already been discussed, direct injection causes rich zones in the shear layer at the edge of the recirculation zone.
Internal traverses have found very high NO x levels in this region (20) . The increase in NO x emission over the premixed situation is much larger for the swirler than for the shear layer mixing GM1B stabiliser as shown in Figs. 10-12 . Ref. 21 also shows that the Jet Mix stabiliser with direct propane injection has a lower NOx increase than in the present swirl stabilised flame. find the NO x to be dominated by NO2 and this has also been found in the present work, as previously reported for the premixed situation (6) .
The internal traverse results of Claypole and
In general the results of both these other workers together with our own internal traverses (20) support the present conclusions regarding the nature of the enclosed swirl combustion with central propane injection.
The reason for the higher NO x levels for the swirler with direct propane injection is associated with a larger residence time in the local rich zones. All the techniques for direct fuel injection must involve the whole spectrum of local air to fuel ratios. The difference between the method of fuel injection is the rate at which the fuel and air mixes and hence the local residence time at a particular air to fuel ratio. In the Grid and Jet Mix systems recirculation zones are shorter and are not fuelled directly. The fuel is injected into the air jets which have a predominantly axial component resulting in rapid mixing and minimum residence times. Fig. 10 shows the NO emissions to be strongly influenced by the inlet temperature. This is undoubtedly related to the slow flame development at low temperatures with consequently lower residence times for NO x formation. Combustion occurs predominantly downstream of the recirculation zone. However at 600K the NO emissions were a little higher than with central propane injection. This is likely to be due to richer central zone mixtures with propane which give lower NO emissions. The poor flame stability with kerosene prevents low NO x emissions from being achieved by operating with a weaker primary zone. This situation is different for that found with the Jet Mix flame stabiliser with kerosene (21) . The Jet Mix system showed lower NO x emissions with kerosene than with propane. It was argued that this was due to the flame stabilising further downstream with kerosene than with propane, leading to better fuel and air mixing prior fo the flame and shorter residence times within the flame. However, both these effects resulted in a poorer flame stability which, as with the present swirler, prevented the achievement of low NO emissions. With Gas Oil Figs. 11 and 12 show that there was a significant increase in NO x emissions above those for kerosene. However, the much wider flame stability limits with Gas Oil permited lower NO x emissions to be achieved. The cause of the higher NO x emissions with Gas Oil is the locally richer mixture zones than for kerosene which arise from the slower vaporization rate.
With central kerosene injection

COMBUSTION INEFFICIENCY AND NO
Any viable low NO x combustion system must be associated with a good combustion efficiency. The correlation between the combustion inefficiency and NO x emissions is shown for the 600K results in Fig. 13 .
Generally, for each stabiliser and method of fuel injection there is a NO x level associated with a minimum combustion inefficiency. For the liquid fuel situation the swirl flame does not have sufficient flame stability to achieve an optimum operating condition.
For both kerosene and Gas Oil the NO x emissions were continually decreasing as the combustion efficiency increased with weaker mixtures. This shows that improvements in combustion efficiency and reductions in NO emissions are not incompatible, as has been stated by many workers in this area. This situation has also been found for the Grid Mix system (13, 14) . Emission measurements for enclosed swirling flames at gas turbine operating conditions are rare, particularly for liquid fuels. Some relevant studies for gaseous fuels have already been mentioned (3, 23) . For liquid fuels Shekleton (11) has presented results for his 'CIVIC combustor operated on Gas Oil. This combustor has a radial inward flow swirler with a much larger enclosure to swirler diameter ratio than in the present work. A special type of fuel injection system was developed for this swirler. Results were presented for CO emissions and NO ppm emissions corrected to 15'X,, oxygen as a function of the primary zone equivalence ratio for a No. 2 Diesel fuel and for natural gas. UHC emissions were not reported, also the inlet temperature was 693K compared with 600K in the present work. Consequently, the combustion inefficiency computed from the reported CO emission are much lower than the present results.
A comparison of Shekleton's results with the present is made in Fig. 13 . The minimum combustion efficiency is much better, as expected, but the optimum NO x emissions are no better than in the present work. This is in spite of the better fuel preparation and more rapid flame spread due to the higher swirler flow expansion (5). Shekleton's results for natural gas are also given in Fig. 13 and a very similar combustion inefficiency and NO correlation is obtained to that with Diesel. However, there is no evidence that on gas the performance is superior to the present simple central fuel injection system. The main advantage of Shekleton's design is the greater flame stability, which may be due to the higher inlet temperature.
For each stabiliser or method of fuel injection in Fig. 13 the optimum primary zone condition has been derived. The NO x associated with the minimum combustion inefficiency in Fig. 13 has been used to determine Table 5 . Direct propane injection results in no change in the optimum primary zone equivalence ratio compared with the premixed NOX ppm CORRECTED TO 15% OXYGEN H enables a system with basically higher NO x emissions to be operated so as to achieve lower net NO x emissions.Lhekleton's (11) results are compatible with the present results with slightly weaker equivalence ratios for gas and somewhat richer for Diesel compared with the present Gas Oil. CONCLUSIONS 1. Central propane injection into a flat bladed swirler within an enclosure of diameter less than twice that of the swirler, results in a major extension of the flame stability limits, an improvement in the combustion efficiency for weak mixtures and a major increase in NO x emissions when compared with the premixed results.
2. All the effects of central propane injection are caused by the creation of high residence time rich zones in the central recirculation shear layer.
3. The swirler with central liquid fuel injection behaved completely differently to the propane situation. Also kerosene and Gas Oil had major performance differences. Centrifugal action on the fuel droplets forces them into the outer swirl flow where vaporisation takes place. There was some similarities with the premixed performance, in particular the weak extinction with Gas Oil Vaporisation problems result in a deterioration in the combustion efficiency and a creation of local rich zones which produce an increase in NO x emissions relative to the propane results. With Gas Oil the slower vaporisation rates produced locally richer zones than for kerosene and stability limits were improved and NO increased. However, the wider stability limits enabled a lower NO x level to be achieved with Gas Oil than kerosene. 
